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Ahs t r a c  t 
An algori thm for  the optimum design of an  i n t e r n a l  flow component t o  
o b t a i n  t h e  maximum pressure r i s e  i s  presented.  Maximum pres su re  r i s e  i n  a 
duct  with simultaneous turn ing  and d i f f u s i o n  is shown t o  be r e l a t e d  t h e  
c o n t r o l  of flow separa t ion  on the  passage w a l l s .  Such a flow is usua l ly  
a s soc i a t ed  wi th  doknstream condit ions t h a t  a r e  d e s i r a b l e  i n  turbomachinery 
and propulsion app l i ca t ions  t o  ensure low l o s s  and s t a b l e  perfcrmance. The 
:,lgorithm requ i r e s  :he so lu t ion  of an "adjo in t"  problem i n  a d d i t i o n  t o  t he  
"3 i r ec t "  equat ions governing the  flow in a body, which i n  t he  p re sen t  
a n a l y s i s  a r e  i~ssumed t o  be the  laminar Navier-Stokes equa t ions .  E a r l i e r  
s t u d i e s  have usua l ly  addressed such problems f o r  t h e  case  of i n v i s c i d  
and /o r  i r r o t a t i o n a l  flow. These assumptions may n o t  be v a l i d  i n  flows t h a t  
undergo sharp  turn ing  r e s u l t i n g  i n  s t rong  secondary f lcws and poss ib ly  
sepa ra t ing  and r e c i r c u l a t i n g  reg ions .  The t h e o r e t i c a l  framework and 
computational a l g o r i t h i ~ s  presented i n  t h i s  s tudy  a r e  f o r  t h e  s t eady  Navier- 
Stokes equat ions .  
A novel procedure is  developed f o r  t h e  numerical s o l u t i o n  of t he  
a d j o i n t  equat ions .  This procedure is  coupled wi th  a d i r e c t  s o l v e r  i n  a 
des ign  i t e r a t i o n  loop,  t h a t  provides a new shape wi th  a h ighe r  pressure  
r i s e .  This procedure is  f i r s t  va l ida t ed  f o r  the  design of optimum plane 
d i f f u s e r s  i n  two-di1nension;il flow. The d i r e c t  Kavier-Stokes and the  
"ad jo in t "  equat ions a r e  solved us ing  a f i n i t e  volume formulat ion f o r  
s p a t i a l  d i s c r e t i z a t i o n  i n  an a r t i f i c i a l  compres s ib i l i t y  fra~uework. The 
d i s c r e t i z e d  equat ions a r e  in tegra ted  using e x p l i c i t  Runge-Kutta time s t e p s  
t o  o b t a i n  s teady-s ta te  so lu t ions .  It is found t h a t  t h e  co~ l lpu ta t io~ la l  work 
requi red  t o  solve the "ad jo in t"  problem is of t h e  same o rde r  a s  t h a t  
r equ i r ed  t o  so lve  the d i r e c t  problem. I t  is  a l s o  found t h a t  t h e  procedure 
converges wi th in  about ten  i t e r a t i o n s ,  and i n  a d d i t i o n ,  t h e  number of 
I des ign  i t e r a t i t . r x  a r e  noE s e n s i t i v e  t o  the  g r i d  used for t h e  c:aii:ulations. 
I This  is  3 s i g n i f i c a n t  computational a d ~ ~ a n t a g e  over l'leui-iscic desikm prccedures  bc.z.ed on pc in t  by poin t  s e n s i t i l - i t > -  ;?.nal>-sis iihere the  work 
I i nc reases  wi th  the refinement of the g r i d .  
A s imp l i f i ed  vers ion  of /:he abcve approach is then  u t i l i z e d  t o  des ign  
n i n e t y  degree d i f f u s i n g  bends. The bend i n l e t  i s  square wit.h in te rmedia te  
and e x i t  c ross -sec t  i s n s  constrained t o  he r e c t a n g u l a r .  The loca t i c i l  crf hend 
h-al ls  i s  then  dett:rmined in  order  to  ohta in  the  maximum pressure  r i s e  
through tlie hend. Cnlculatio::~ were c a r r i e d  o u t  f o r  a rilean r a d i u s  r a t i o  a t  
i n l e t  of 2 . 5  and Rey~iolds nun1he1-s var>-ing from 100 t o  500. h 'hile a t  t .his 
s t a g e  l.lminar floid is assumed i t  is  shown t h a t  n s i m i l a r  ;~pp~:c~acl-~ an he  
conceived f o r  turbulent  f l ovs .  
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MOTIVATION 
# How to shape internal flow passages 
# Combined turning and diffusing flow 
# Maximize pressure rise 
# Can not assume inviscid or 2-D flow 
OBJECTIVES 
# Develop theoretical framework - laminar 3-D 
# Develop Navier-Stokes and Adjoint solvers 
# Validate Navier-Stokes solver 
(Laminar 90 degree bend, Taylor et al. 1982) 
# Validate Optimization Approach on 
2-D straight diffusers 
# Apply to the design of ninety degree bends 
# No slip BC on rM 
# Dirichlet BC for ui at and ro 
[uf , p"] = Solution to  NS in R, 
on (I' - r M )  


# Our "Adjoint" equation: 
# Pironneau's "Adjoint" equation: 
wi,i = 0 
du; dui dwi 6 J =  V /  p ( ~ )  (an) (- +2-) ds 
F M  dn dn 
dw 
- = w (const) + 
dt 
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NAVIER-STOKES SOLVER 
a) Artificial Compressibility 
b) Runge-Kutta Time Integration 
c) Finite Volume Discretization 
d) Artificial Dissipation 
e )  Local Time Stepping 
e )  Implicit Residual Smoothing 
Ti- To 
Figure 4: Geometry of a circular bend with square cross section. 
Figure 5: Streamvise velocities in bend: a) 0 = 30 degrees, b) 9 = 60 degrees, C) = 77.5 degrees. 
ADJOINT EQUATION SOLVER 
MESH GENERATION 
# Thompson et al. 
Boundary Conditions 
# No-slip bc on the walls 
# Zero normal derivatives at exit 
# Streamwise velocity component is specified at 
entrance 
# Zero normal derivatives for remaining velocities 
at entrance 
# Typical bc's at symettry planes 
# Zero second derivatives for pressure (a compu- 
tational bc) 
Diffuser Profile History 
Re=200, 61 by 31 grid 
Skin Friction History 
Re=200, 61 by 31 grid 
Pressure Rise History 
Re=200, 61 by 31 grid 
0 : Area-averaged pressure rise 
A : Flow-averaged pressure rise 
/Y Actual Pressure Rise 
"P - Ideal Pressure Rise 
Reynolds Number 
0 : Optimal diffusers 
A : Straight diverging diffusers 
Separating Initial Profile 
Re=100, 31 by 11 grid 
Grid Study 
The e r ror  i n  t h e  location of t he  opt imal  diffuser 
profile corresponding to  a 2 percent  e r ro r  i n  t h e  
to ta l  pressure rise. The opt imum shape lies between 
t h e  high and  low y-values shown i n  t h e  graph 
(Re=500, grid size is 61 by 21, and L/W,=3).  
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Figure 3: A representative section of a three-dimensional diffuser. Flow enten 
and exits at downstream boundary To. The walls to be shaped are 
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ISSUES 
# Geometry Constraints 
In general: Move walls by ~ p ( s )  along the 
normal direction, everywhere 
New shape may not satisfy 
- specified mean passage location 
- specified cross-sectional shape 
- overall system geometry 
# Present Work 
- No correction on side walls (z = 0, z = z, ) 
- Apply mid-plane ( z  = zma,/2) correction 
to all z locations 
- Hence all cross-sections are rectangular 
# Laminar flow results (Re < 500) 
Governing Equations: 
Design Objective: 
Maximize Static Pressure Rise 
Cabuk and Modi, 1990 
( )  = o  
wall  
(g) =. 
wall 
DESIGN ALGORITHM 
1: Choose an initial shape. 
2: Generate the computational grid. 
3: Solve the N-S equations. 
4: Compute shear stress on the walls. 
5: Compare wall shear stress to target dis- 
tribution and determine the amount of 
boundary movement p(s). 
6: Update the shape. 
7: Go to step (2) 
wall d n  target 
Iteration History (Re=200) 
Dashed Curve : N = l  
0 : N=8 
A : N=2 
o : N=5 
a); N
. - 
 6 0.5 E a) 
L C  
0 m 
Arclength along the  bend 
Wall shear stress along the outer wall, 
Re=100 
0 : Optimum diffusing bend 
A : Elliptic diffusing bend 
Dashed Curve : Target distribution 
Arclength along the bend 
Wall shear stress along the inner wall, 
0 : Optimum diffusing bend 
A : Elliptic diffusing bend 
Dashed Curve : Target distribution 
Pressure rise along the header (Re=100) 
Arclength along the bend 
0 : Optimum header 
A : Elliptic header 
Optimum Shapes 
# Performance = f(shape) 
# Possible Applications: 
- 90 Degree Bend 
- Turn Around Ducts 
- Transition Ducts 
- S-shaped Ducts 
- Straight or Curved Diffusers 
- Turbine Blades 
- Engine Inlets 
- Turning Vanes 
CONCLUSIONS 
Theory 
# Theoretical Framework for Design 
with Navier-Stokes equations 
# Determine p(s)  from Direct+Adjoint 
or from Direct alone 
Computat ional 
# Direct and Adjoint Solvers Validated 
for Plane Diffusers 
# Design of 90 degree Bend with Specified 
Cross-section, Max. Ap , 
# Number of Design Cycles < 10 
# "Flow" Interpretation of Adjoint Problem 
Future Plan 
# Apply to 3-D turbulent flow I 
# Specify mean line, vary cross-section 
I 
# Other objectives : Min. Distortion I 
I 
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